The crystal structures of the cytoplasmic domain of the putative zinc transporter CzrB in the apoand zinc-bound forms reported herein are consistent with the protein functioning in vivo as a homodimer. NMR, X-ray scattering and size exclusion chromatography provide support for dimer formation. Full-length variants of CzrB in the apo and zinc-loaded states were generated by homology modelling with the Zn 2+ / H + antiporter YiiP. The model suggests a way in which zinc binding to the cytoplasmic fragment creates a docking site to which a metallochaperone can bind for delivery and transport of its zinc cargo. Since the cytoplasmic domain may exist in the cell as an independent, soluble protein a proposal is advanced that it functions as a metallochaperone and that it regulates the zinc-transporting activity of the full-length protein. The latter requires that zinc binding becomes uncoupled from the creation of a metallochaperone-docking site on CzrB.
Introduction
Zinc plays an essential role in the life of the cell in at least two important ways. The first concerns catalysis; the second structure stabilization (Alberts et al., 1998) . In catalysis, its involvement is ubiquitous in that each of the six major enzyme groups has a representative that requires zinc. The fact that zinc is a strong Lewis acid and an electrophile explains its catalytic function: stabilizing anionic reaction intermediates in the case of certain peptidases and hydrogenases, and generating reactive nucleophiles such as hydroxyls in the case of carbonic Contact E-mail: martin.caffrey@ul.ie Phone: 353-61-234174. Fax: 353-61-202345 . f Present address: Department of Microbiology, NUI Galway, Ireland anhydrase. The ability of zinc to stabilize structure is clearly evident in the zinc finger motif of nucleic acid binding proteins, many of which play important regulatory roles. Stabilizing supramolecular structure is another case in point as obtains in the hexameric form of insulin located in secretory vesicles. Further, by contributing to the three-dimensional form of certain enzymes, zinc stabilizes structure in a way that facilitates catalysis without being involved directly in the reaction.
The most common ligands for zinc in performing its diverse catalytic and structural functions are water and the side chains of histidine, cysteine, aspartate and glutamate. Coordination numbers are typically 4 and 6 displaying tetrahedral and octahedral geometry, respectively (Alberts et al., 1998) . Because of its essential nature, zinc homeostasis is an important issue for all cells. This is particularly true in light of the fact that zinc can also be toxic, leading to cell death and to β-amyloid deposition. The most extensively studied organism from the point of view of zinc homeostasis must surely be Escherichia coli. It has a zinc quota (number of zinc atoms per cell) of just under a million, a value that is very tightly regulated (Outten and O'Halloran, 2001 ). Remarkable however is the fact that essentially all of the cellular zinc exists in a bound state with less than a single zinc atom on average remaining free in the cytosol. It appears therefore that zinc ions are shuttled about in the cell in the bound form.
Part of the cellular homeostatic machinery involves transporter proteins that move zinc ions in and out of the cytosol. The cation diffusion facilitator (CDF) proteins constitute one such transporter family with members in all phyla (Haney et al., 2005; Montanini et al., 2007) . In eukaryotes, for example, representatives include zinc tranporter-3 (ZnT-3) and ZnT-8 that function respectively to channel zinc into presynaptic and insulin secretory vesicles. Homologs in the bacterial world include CzrB in Thermus thermophilus, YiiP and ZitB in E. coli, CzcD in Ralstonia metallidurans, and PA3963 in Pseudomonas aeruginosa (Fig. 1) . Of this group, YiiP has been the most extensively studied and shown to be a homodimer with Zn 2+ / H + antiporter activity (see Lu and Fu, 2007, and 
references therein). Our interest is in CzrB from
Thermus and how it functions to transport zinc in this extreme thermophile (Spada et al., 2002) . A long-term objective is to solve the high-resolution structure of the full-length protein in the apo and zinc-bound forms.
By analogy to YiiP, CzrB is predicted to consist of an N-terminal transmembranal domain with six helices and a cytosolic C-terminus. There are indications that the C-terminal domain of CzrB may be expressed independently in vivo although the role played by this soluble fragment is not known (Spada et al., 2002) . In the absence of crystals of the full-length protein it was considered worthwhile to establish the structure of the cytosolic domain in its apo and zincloaded form. Accordingly, the C-terminal domain, consisting of about 100 residues, was overexpressed in E. coli and the soluble fragment (CzrB sf ) was crystallized with and without zinc . The crystal structures of the apo and zinc-bound forms, solved to 1.7 and 1.8 Å, respectively, suggest that the cytosolic domain functions as a homodimer. The tendency of the water-soluble fragment to exist as dimers in solution has been verified in the current study by a variety of solution-based methods including small-angle X-ray scattering, 1 Hnuclear magnetic resonance (NMR) spectroscopy, and size-exclusion chromatography. Whilst the current work was in progress the crystal structure of the zinc-bound form of YiiP at a resolution of 3.8 Å was reported (Lu and Fu, 2007) . We have used this, in combination with the structures of apo and zinc-CzrB sf , to produce structural homology models for the full-length CzrB with and without bound zinc. The results suggest that the protein dimer functions as a fully integrated machine complete with sensor, actuator and transporter parts. Thus, the cytosolic zinc concentration is sensed by the exposed C-terminal domain and ion binding to it triggers a conformational change that facilitates uploading of zinc, presumably from a metallochaperone, for transport across the membrane. The model relies on the protein working as a dimer with the transmembrane domains oriented in the membrane in a zinc-independent fashion.
Results

Crystal Structures
The crystal structure of the apo and zinc forms of CzrB sf has been solved to 1.7 Å and 1.8 Å resolution, respectively. Refinement statistics are presented in Table 1 .
The apo form of the protein crystallized as a dimer in the asymmetric unit (Figure 2 ). With zinc bound the asymmetric unit contains a single protein molecule. However, application of crystallographic symmetry produces a dimer (Figure 2 ). Our view is that both forms of the protein exist as dimers under physiological conditions. Support for this conclusion is presented below. Henceforth in this paper they will be treated as dimers.
The apo form of CzrB sf includes residues 6 -87 in each protomer; the zinc form includes 3 additional N-and 4 additional C-terminal residues. The apo and zinc models include 3 sulfate and 4 zinc ions, respectively. One each of the sulphate and zinc ions (Zn4) sits on a special position with occupancy of 0.5. About 100 and 300 structured waters, respectively, have been placed in the zinc and apo forms of the protein.
Apo CzrB sf
The overall shape of the protomer within the apo homodimer is that of an ellipsoid with a flattened face paralleling its long axis (Figure 2 and Figure 3 ). The protomer is highly structured with a distinctly polar surface and a hydrophobic core (Figure 4 ). It consists of three β-strands and two α-helices. The former exist as a mixed β-sheet with the central strand running parallel and anti-parallel to its neighbor on either side. It creates the planar surface of the flattened ellipsoid. The rounded part of the domain is made up of the two helices that run anti-parallel to one another and are slightly displaced from each other along their long axes. They sit on top of the β-sheet. The connectivity of the different elements in the protomer from the N-to the Cterminus is α1-β1-β2-α2-β3 (Figure 3 ). The N-terminus of CzrB sf connects to the transmembrane domain presumably by an extension of its C-terminal helix.
The apo form of the protein exists as a dimer in the asymmetric unit (Figure 2) . Contact between the monomers along one end of the flattened ellipsoid involves particularly the loop connecting β2 and α2 and residues toward the C-terminus (hydrogen bonds (two of each per dimer): Glu57 (N) -Gly52(O) 3.0 Å, Val56(N) -Thr54(O) 2.8 Å; hydrophobic contacts involve Val50, Pro55, Val56, Ala59, His60, Val83, and Pro85. This gives the dimer a distinct inverted V-shaped appearance with the membrane-anchored ends of each protomer splayed apart (Figure 2 ). Facing one another from either arm of the V are the flattened β-sheets of the two protomers.
Zinc CzrB sf
The zinc form of the protein is also considered to exist as a homodimer (Figure 2 ) with very minor changes in protomer secondary and tertiary structure associated with metal binding. A superposition of the apo-CzrB sf and Zn-CzrB sf models (Figure 2 ) reveals an RMS difference of 0.7-0.8 Å over 82 common C α atoms; the RMS difference between protomers in the apodimer is 0.45 Å. The largest zinc-induced changes occur in the backbone of the β1-β2 and β2-α2 loops.(RMSD, 1-2 Å). In the vicinity of the zinc binding sites the backbone is mostly unaltered compared to the apo form (RMSD < 1 Å). However, the side chains of residues that interact with zinc reorient to provide better coordination ( Figure 5 ). Further, with zinc bound the density for several additional residues at both the C-and N-termini are revealed, some of which participate in crystal contacts. The extended C-terminus contains a 3 10 helical turn. The most dramatic effect of zinc binding is that the two protomers that are splayed apart in the apo form snap together along the flat surfaces of the opposing ellipsoids (Figure 2 ). The effect comes about as a result of an action that brings the two arms of the inverted V together with a hinge-like motion about the contact surface at the β2-α2 loop region. The net effect is to bring the N-terminus ends of the two protomers into very close proximity. The distance between Ntermini in the apo-dimer is 33.5 Å. The distance between corresponding residues (Gly6) in the zinc form is 15.2 Å. Since these are connected to the transmembrane domain it is likely that this large zinc-triggered motion will impact on the relative disposition of the cytosolic and transmembrane domains, as discussed below.
The snapping shut of the V upon metal ion binding has the effect that the contact surface area between the two protomers goes from ~400 Å 2 in the absence of zinc to ~1,050 Å 2 in its presence. The additional contact area is stabilized by hydrogen bonds (two of each per dimer) Glu45(OE1) -Thr80(OG1), 2.9 Å; His82(ND1) -Ile81(O), 2.8 Å), salt bridges (two of each per dimer) (Arg36(NH1) -Glu5(OE2), 3.0 Å; Arg36(NH2) -Glu5(OE1), 2.6 Å), and by the coordination of a zinc ion (Zn2, two per dimer).
Zinc Coordination Sites
Each protomer is associated with four zinc ions (Zn1-Zn4). The first three exist at or close to the interface between protomers in the dimer and may be physiologically relevant. Zn4 is likely only present in the crystal. It sits at a special position shared by two symmetry-related protomers from different dimers. It is coordinated by two Glu57(OE1) from different dimers and by 4 waters, and is 2.4 Å distant from Glu57(OE1).
Zn1 is tetra-coordinated by His47(ND1) (bond length, 2.0 Å), His31(NE2) (2.1 Å), and Glu84 (OE2) (1.9 Å), all from the same protomer, and by HOH517 (2.0 Å) ( Figure 5 ). Liganding atoms in the primary coordination sphere around Zn1 are arranged tetrahedrally.
Zn2 is hexa-coordinated by His82(NE2) (2.1 Å) and Glu84(OE1) (2.3 Å) in protomer A, by His60(NE2) (2.2 Å) in protomer B, and by 3 water molecules: HOH585(O) (2.3 Å), HOH527 (O) (2.3 Å) and HOH589(O) (2.5 Å) ( Figure 5 ). The geometric arrangement of the six ligand atoms with respect to zinc is octahedral. All residues that are involved in coordinating Zn2 from protomer B are part of helix α2 whereas those from protomer A originate in strand β3. Given that Zn2 is clearly coordinated by residues in both monomers it presumably is part of the glue that binds the two protomers together in the dimer. Its symmetry partner does the same thing on the other side of the dimer effectively pinning the monomers together.
Zn3 is likely to be tetra-coordinated. It is clearly coordinated by His47(NE2) (2.4 Å), Asp32 (OD2) (2.0 Å), and HOH516(O) (2.5 Å) ( Figure 5 ). A fourth ligand (possibly water of weak density) however, is not apparent. The lack of density for a fourth ligand can be explained by weaker interactions and higher disorder at this site. In fact, the B-factor of Zn3 at 80 Å 2 is substantially higher than that of the other two Zn sites (17 and 18 Å 2 for Zn1 and Zn2, respectively). In vivo this site is likely unoccupied at lower concentrations of zinc.
Zn1 and Zn2 are separated by a distance of 4.9 Å and are bridged by the carboxyl oxygens of Glu84. Zn1 and Zn3 are 5.9 Å apart and are bridged by the imidazole of His47.
The distances and angles of liganding atoms in the primary coordination spheres of Zn1, Zn2 and Zn3 are close to ideal and are in agreement with zinc serving a structural role in the zincCzrB sf dimer (Alberts et al., 1998) . The geometry of zinc coordinating residues is close to ideal and does not appear to be distorted by interactions with zinc (Table S1 in Supplemental Material).
Characteristics of the Protein in Solution
The crystal structure data suggest that both the apo and zinc forms of the CzrB sf protein exist as homodimers. It is possible that the constraints imposed by the crystal lattice artifactually give rise to dimer formation. Since the CzrB sf part of the full-length transporter is expected to be extramembranal and to be exposed to the cytosol, it was considered worthwhile to evaluate the tendency of the soluble fragment to oligomerize and to characterize its structure in aqueous solution. Accordingly, its solution properties have been quantified by size exclusion chromatography, small-angle X-ray scattering, 1 H-NMR spectroscopy and circular dichroism, as follows.
Size Exclusion Chromatography
The hydrodynamic volume and state of oligomerization of apo-CzrB sf in solution were investigated using size exclusion chromatography. Five water-soluble proteins, whose molecular weights bracketed that of the test protein, were employed as standards. The data ( Figure 6A ) show that apo-CzrB sf elutes with an apparent molecular weight of 21.6 kDa. The calculated molecular weight of the protein, based on its amino acid composition, is 10.8 kDa. These data are consistent with the apo form of the protein existing in solution as a dimer.
Small-angle X-ray Scattering
Small-angle X-ray scattering (SAXS) of protein solutions can yield information about the oligomeric state of the solute and can also provide low-resolution envelopes and other structural information (Svergun, 1999) . Accordingly, the SAXS behavior of the apo and zinc forms of CzrB sf in solution was investigated and the corresponding scattering profiles are presented in Figure 7 . For comparison, the expected profiles calculated using the X-ray crystallographic models (section Crystal Structures) in their dimeric configurations are included in the figure. The experimental solution scattering data are in excellent agreement with the predicted curves and support the view that both apo and zinc forms of the protein exist as dimers in solution. At low resolution (S < 0.1 Å −1 ), the apo-and zinc-CzrB sf scattering profiles overlap. However, they diverge significantly in the vicinity of S = 0.2 Å −1 . This is consistent with a change in dimer shape upon zinc binding. The radius of gyration for apo-CzrB sf calculated from the scattering data is 18.2 Å. The corresponding value for the zinc form of the protein is 15.7 Å. Similarly, the maximum diameters, D max , which optimize the match of the observed and calculated profiles are 60 Å and 55 Å, respectively, for the apo and zinc forms of CzrB sf . These data are consistent with the formation of a more compact dimeric structure upon binding zinc. Low-resolution envelopes constructed from the scattering curves using DAMMIN (Svergun, 1999) are shown in Figure 7 (inset) along with the corresponding envelopes from the crystal structures. These results support the contention that the crystal structures indeed reflect both the configuration and oligomeric state of the apo and zinc forms of the protein in solution.
NMR Spectroscopy
A small section from a one-dimensional 1-1 echo 1 H NMR spectrum of apo-CzrB sf corresponding to the amide and aromatic proton signals is shown in Figure 6B . The dispersion of the amide proton resonances in the ~8-10 ppm region indicates that the protein is folded under the experimental conditions used. Moreover, a series of 1-1 echo 1 H spectra with increasing echo delays were recorded and used to determine the average transverse relaxation time, T 2 , of the amide protons (H N ). As discussed by (Anglister et al., 1993) , the average H N T 2 can be used to estimate the effective protein rotational correlation time (τ c ) according to τ c ≈ 1/(5T 2 ) ns, where T 2 is the average H N T 2 value in seconds. For the ~1 mM apo-CzrB sf solution at 25 °C the average amide proton T 2 was 13.3 ms, which gives an effective τ c of ~15 ns. The rotational correlation time of a protein is determined by both molecular size and shape, and the estimated τ c value of ~15 ns is characteristic of proteins having molecular weights in the ~20 -30 kDa range (Cavanagh et al., 2007) . This clearly indicates that apo-CzrB sf oligomerizes in solution, most likely into dimeric form. Additional NMR spectra (data not shown), recorded at 25 °C and pH 6.5 as a function of protein concentration (between ~0.25 and 1 mM protein) and ionic strength (between 0 and 100 mM NaCl) revealed effectively identical H N resonance frequencies and average T 2 values, indicating the high stability of CzrB sf dimers in solution.
Circular Dichroism
Circular dichroism in the UV region provides useful information on the secondary structure make-up of a protein in solution. Apo-CzrB sf with the His-tag in place was subjected to this form of analysis and the data are shown in Figure 6C . The spectrum reveals the characteristic negative peaks in ellipticity in the vicinity of 208 nm and 222 nm associated with α-helices and at 217 nm associated with β-strands. Deconvolution of the spectrum using three different algorithms in the CDPro program suite, as described under Experimental Procedures, provided an average probable secondary structure composition of 18 % α-helix, 30 % β-strand, 25 % turn and 27 % disordered region (Table S2 ). The corresponding values obtained based on the X-ray structure are 35, 30, 12 and 23 %, respectively (DSSP; Kabsch and Sander, 1983) . The disparities should be viewed in light of the fact that the CD values are based on a polypeptide containing 111 residues, the N-terminal segment of which includes a His-tag and is presumably disordered. In contrast, the crystal structure is based on an analysis of 82 'ordered' residues in the apo form of CzrB sf . Lyophilization of the protein had little effect on its secondary structure as revealed by CD analysis ( Figure 6C ).
Discussion
The crystal structure of the cytoplasmic domain of the putative zinc transporter CzrB in Thermus determined in this study is consistent with the protein functioning in vivo as a dimer. This was corroborated by solution studies with CzrB sf that involved size exclusion chromatography, 1 H NMR and small-angle X-ray scattering. In what follows, the zinc binding characteristics of the cytoplasmic domain are examined and a proposal is advanced for how CzrB sf may function as a metallochaperone and as an independent regulator of CzrB zinc transport activity.
Zinc Binding
We anticipate that three of the four zinc ions observed in the zinc-CzrB sf structure are physiologically relevant (Figure 2 ). The fourth, Zn4, likely plays a role in crystallogenesis and crystal packing.
The Zn1 and Zn2 sites are homologous with the two zinc sites in the cytosolic domain of the E. coli zinc transporter, YiiP ( Figure S1 ; (Lu and Fu, 2007) ). As in YiiP, they straddle the three centrally located β-strands of the domain with Zn2 acting to bridge protomers in the dimer. The two zinc ions are 4.2 Å apart in YiiP. The corresponding separation in CzrB sf is 4.9 Å. The zinc coordination is similar between the two proteins but there are notable differences. For example, the carboxyl of the highly conserved Glu84 in CzrB sf is coordinated to Zn1 and Zn2. The corresponding residue in YiiP is Asp285 where just one of the carboxyl oxygen atoms appears to engage in bidentate coordination to bridge the two zinc ions. One other notable difference arises at His47 where the imidazole side chain of this conserved residue bridges Zn2 and Zn3 in CzrB sf . In YiiP the corresponding residue is Ile245. We speculate that the disparity between CzrB sf and YiiP at this residue and in this region of the structure arises from a 3-residue frame shift in the region between loops L2 and L3 that includes strand β2 in YiiP ( Figure S2 ). The misalignment is perhaps understandable given that the YiiP structure is reported at 3.8 Å.
In the absence of zinc the surface potential of CzrB sf in the cleft between the two protomers is highly negative (Figure 4A and B) . By charge repulsion this will contribute to holding the two protomers apart and to stabilizing the inverted V-shape of the apo form of the protein. The negative potential arises primarily from the side chains of Glu45, Glu67, Glu84, Asp32 and Asp64. Upon zinc binding the side chain carboxyls of these residues form hydrogen bonds (Glu45 -Thr80), coordinate directly with zinc (Asp32, Glu84) or do so via a water molecule (Glu67, Asp64).
The large negative surface potential between protomers in the apo-CzrB sf dimer will serve to direct zinc into the cleft region as intracellular concentrations of the metal ion rise. We speculate that the Zn1 site will be the first to fill because three of its coordinating ligands (His31, His47, Glu84) already exist on the surface of apo-CzrB sf with side chains oriented in such a way that only small changes are required to properly coordinate Zn1, as illustrated in Figure 5 . The rotation of the imidazole ring of His47 to ligand Zn1 may in turn facilitate the repositioning of Asp32 to coordinate with the second zinc, Zn3, via its side chain carboxyl. It may also facilitate the relatively large movement of the His82 imidazole which contributes to creating a binding pocket for Zn2. The latter is stabilized also by the carboxyl of the Glu84 side chain, already suitably positioned following the locking in of Zn1. With this 'partial pocket' in place, the stage is set for the neighboring protomer to rotate into position and to bring its surface exposed His60 in on top of the anchored Zn2. Along with three solvent molecules this then completes the hexacoordination of the protomer-bridging Zn2. The net effect of this sequential zinc binding is to snap the open end of the dimer shut and to change the relative disposition of the cytosolic and transmembranal domains with possible consequences for interactions with metallochaperones and zinc transport, as outlined below.
Homology Modelling and Mode of Action
YiiP is a Zn 2+ / H + antiporter in E. coli. The zinc-bound form of the full-length transporter was solved recently to a resolution of 3.8 Å (Lu and Fu, 2007) . CzrB is a homolog with an overall sequence identity of 32.6 %. The corresponding values for the cytoplasmic and transmembranal domains are 31.5 % and 33.2 %, respectively. Despite the relatively low sequence homology in the cytoplasmic domains, the structural homology between them is impressive. Thus, for example, zinc-CzrB sf overlays the cytoplasmic domain of YiiP with a C α -RMSD of 1.8 Å over 79 residues ( Figure S2 ).
The transmembranal domain of YiiP is made up of a bundle of six tightly packed helices. Five of these extend across the membrane and encircle a sixth short helix in a way that creates two cavities at either end of the bundle. One cavity is exposed to the periplasm (and to the outer leaflet of the membrane) and contains a zinc ion at its base. The second is exposed to the cytosol and access to it is presumably by way of a space that exists between the cytoplasmic and transmembranal domains. It has been proposed that a metallochaperone delivers zinc to this intracellular cavity. The ion then makes its way across the membrane into the extracellular cavity where effectively it is out of the cell (Lu and Fu, 2007) . The model shows the YiiP dimer in the form of a Y. The stem of the Y is the cytoplasmic dimer and the two arms represent the transmembrane domains that diverge from one another as they angle across the bilayer. In the current study, we have solved the structure of the apo and zinc-bound forms of CzrB sf . The YiiP structure, which is of the full-length transporter, is only available in the zinc-bound state. By homology modelling to the latter we set about exploring the changes in the full-length form of CzrB that might accompany zinc binding to its cytoplasmic domain, CzrB sf , and that may provide clues to the mode of action of the protein as a cation facilitator transporter. Accordingly, a structural homology model of the transmembrane domain of CzrB (CzrB tm ) was created using the corresponding domain of YiiP (YiiP tm ). This was spliced to the high-resolution structure of CzrB sf in both its apo and zinc-bound states with a view to producing a picture of the full-length protein. In this modelling exercise, the orientation of the transmembrane domain in the bilayer 'observed' with YiiP (Lu and Fu, 2007) was preserved in the CzrB sf -CzrB tm / YiiP tm 'chimera'.
As noted, in the apo form of CzrB sf the protomers of the dimer are splayed apart. They snap together into close proximity upon zinc binding. When this ion-binding event happens in the chimera the angle and the space between the cytoplasmic and transmembrane domains changes dramatically (shaded blue in Figure 8 ). This is the region where the holo-metallochaperone (green in Figure 8 ) is proposed to interact with the transporter and to transfer its cargo of metal ions to the intracellular cavity for translocation across the membrane. In this model, zinc binding to the CzrB sf triggers the conformational change that enables chaperone docking and zinc delivery for transport through the transmembrane part of the protein.
This proposal requires that the orientation of the transmembrane domain of the full-length transporter in the membrane remains fixed and independent of zinc status. It also requires that zinc binding trigger a clamping together of the cytosolic domains in the dimer. The net effect is to alter the angle between the cytosolic and transmembrane domains in a way that enables interaction with a zinc-bearing chaperone. High-resolution X-ray structures of the full-length CzrB with and without zinc will go a long way toward evaluating this proposal.
It is interesting to consider the possibility that CzrB sf , which may be expressed in the cell as an independent protein, itself acts as a metallochaperone. Further, given that the full-length protein would appear to function as a homodimer of form CzrB-CzrB, the monomeric form of CzrB sf could destabilize the active full-length species by competing with the partnered cytoplasmic domains. This would lead to an inactive heterodimer of form CzrB-CzrB sf ( Figure  S3 ). In this hybrid, it is possible for the two CzrB sf 's to snap shut upon zinc binding but without any attendant change in the relative orientations of the cytoplasmic and transmembrane domains in the full-length monomer. As a result no docking site is created for the metallochaperone to bind and to deliver its cargo. Regardless of zinc status then the CzrBCzrB sf complex would be incompetent as a transporter. In this way, CzrB sf could regulate the transport activity of the protein.
Conclusions
The crystal structure of the cytoplasmic domain of the putative zinc transporter CzrB from Thermus thermophilus has been solved. Structures, determined to resolutions of 1.7 and 1.8 Å in the apo-and zinc-bound forms, respectively, are consistent with the protein functioning in vivo as a dimer. Support for dimer formation was provided by solution studies involving size exclusion chromatography, 1 H NMR and small-angle X-ray scattering. The overall structure of the CzrB sf monomer, which consists of two antiparallel α-helices sitting atop a 3-stranded mixed β-sheet, is stabilized by an apolar core and is quite insensitive to zinc binding. However, the conformation of the dimer changes dramatically upon zinc binding. In the apo-form the two monomers associate at one end of the molecule and are splayed apart at the other. With zinc loading the monomers snap together along their full length. The zinc bound form of the protein includes four zinc ions, one of which plays a role in crystallogenesis. The other three are located in an anionic cleft at the monomer-monomer interface and are considered to be physiologically relevant. Zinc coordination involves highly conserved histidine, glutamate and aspartate residues, and water molecules. Full-length variants of CzrB in the apo and zinc-loaded states were generated by homology modelling with the known Zn 2+ / H + antiporter YiiP. The model suggests a way in which zinc binding to the cytoplasmic fragment creates a docking site to which a metallochaperone can bind for delivery and transport of its zinc cargo. Since the cytoplasmic domain may exist in the cell as an independent, soluble protein a proposal is advanced that it functions as a metallochaperone and that it regulates the zinc-transporting activity of the full-length protein. The latter requires that zinc binding becomes uncoupled from the creation of a metallochaperone-docking site on CzrB. A more complete evaluation of these assorted proposals awaits a high-resolution structure of the full-length protein in its apo and zinc-bound forms.
Experimental Procedures Protein Expression and Purification
Full details of the expression and purification of the His-tagged (6His-CzrB sf ) and His-tag-free cytosolic domain of CzrB (CzrB sf ) have been reported . Samples of the Histag-free domain for NMR analysis were subjected to gel filtration using a column (volume: 120 mL, HiLoad™ 16/60, Superdex™ 75, preparative grade, Amersham Biosciences, GE, Piscataway, NJ) pre-equilibrated with 25 mM sodium phosphate buffer pH 6.5. The protein eluted as a single, Gaussian-shaped peak and had an estimated purity of 95 % based on SDS-PAGE analysis. Protein concentration was determined by the Bradford method .
Crystallization, X-ray Diffraction, Structure Determination and Refinement
Crystallization of the apo and zinc-bound forms of CzrB sf was performed as described . Apo-CzrB sf crystals were obtained by hanging drop vapor diffusion at 20 °C by combining 1 µL of a 15 mg protein/mL solution in 20 mM Tris-HCl pH 8.0 and 1 µL of precipitant (0.2 M ammonium sulfate, 15 %(w/v) PEG 4000, 0.1 M sodium acetate pH 4.6) and using 300 µL of the same precipitant in the reservoir. Crystals of the Zn-CzrB sf were grown in batch mode at 4 °C at final concentrations of 28 mg protein/mL, 25 mM zinc chloride, 0.1 M Tris-HCl pH 7.5. X-ray data were collected on the F1 (apo-CzrB sf ) and F2 beamlines (Zn-CzrB sf ) at the Cornell High Energy Synchrotron Source (CHESS, Ithaca, NY). On F1, a 100 µm-diameter 0.9124 Å beam was used together with an ADSC Quantum-4 detector positioned 180 mm from the crystal. On F2, data were collected using a 20 µm-diameter beam produced by single-bounce capillary optics and an ADSC Quantum-210 detector placed 134 mm from the sample. Two crystals were used to obtain full datasets at the zinc edge (1.2827 Å), the zinc peak (1.2818 Å) and the zinc high energy remote (1.2567 Å).
Data on the Zn-CzrB sf crystals were integrated with MOSFLM (Leslie, 1992) and scaled with SCALA (CCP4, 1994). Multiple wavelength anomalous diffraction (MAD) phasing was carried out at 2.2 Å with SOLVE (Terwilliger and Berendzen, 1999) using the signal from the bound zinc, followed by density modification and automatic chain tracing by RESOLVE (Terwilliger, 2003) . Three zinc ions were located and an interpretable map was produced; the iterative build procedure of RESOLVE placed almost the entire polypeptide chain, with unambiguous assignment of residues to the CzrB sf sequence. Refinement was performed using REFMAC (Murshudov et al., 1997) , Coot (Emsley and Cowtan, 2004) , and O (Jones et al., 1991) ; for the later stages all available data, to 1.8 Å resolution, were used. Five TLS groups were used for the last few refinement steps. The Zn3 zinc ion is apparently of low occupancy; it was located during refinement and its identity verified by an anomalous difference Fourier map. Waters were placed automatically by Coot, with a few manual adjustments. The final R and R free values were 0.207 and 0.250, respectively. Details of the structure determination are summarized in Table 1 .
The apo-CzrB sf crystal diffraction data were integrated and scaled using HKL2000 (Otwinowski and Minor, 1997) . MOLREP (CCP4, 1994) was used to place the Zn-CzrB sf model without zinc ions in the apo unit cell. ARP/wARP (Perrakis et al., 2001 ) was then invoked and about 90 % of the model was built automatically. A few residues in the loops were manually built using O and were input into ARP/wARP to complete the model. During the last stages of model building, water molecules were added using ARP/wARP. A final restrained refinement with REFMAC using TLS parameters brought the R and R free values to 0.187 and 0.224, respectively.
The quality of both structures was examined with MolProbity (Davis et al., 2007) . The total MolProbity score placed the Zn-CzrB sf structure in the 95 th percentile (score 1.45) and the apo-CzrB sf model in the 97 th percentile (score 1.31). The Ramachandran plot revealed that the Zn-CzrB sf structure has 98.9 % and 1.1 % of its residues occupying the most favoured and additionally allowed regions, respectively. The corresponding values for the apo-form are 98.8 % and 1.2 %.
Circular Dichroism
Secondary structure analysis was carried out using 6His-CzrB sf eluted from a Ni-NTA column in 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 200 mM imidazole. The buffer was exchanged into 50 mM sodium phosphate, 200 mM NaCl, pH 7.4 by ultrafiltration (2 mL Centricon, 3 kDa cut-off) at 5,000 g and 4 °C. A 20 µL sample with a concentration of 3.3 mg protein/mL was transferred into a quartz cuvette with a path length of 0.1 mm. CD data were recorded at 20 °C using an AVIV-202 Circular Dichroism Spectrometer (AVIV Biomedical Inc., Lakewood, NJ) from 280 to 180 nm with 1 nm steps and 2 s integration time per point. A CD spectrum of the corresponding buffer was recorded under the same conditions and subtracted from that of the protein solution. CD data were analyzed by 3 popular methods from the CDPro program suite (Sreerama and Woody, 2000) using a reference set of 43 soluble proteins.
SAXS
Data Collection-Solution scattering data were collected on beamline G1 at CHESS (Ithaca, NY). A custom 1,024 × 1,024 (69.78 µm) pixel CCD detector fabricated by the Gruner group (Cornell University, Ithaca, NY) was used to measure sample scattering profiles. Twodimensional images were integrated by Data Squeeze 2.07 (Datasqueeze Software, Wayne, PA) to give one-dimensional intensity profiles as a function of the momentum transfer S = 4πsinθ/λ (where 2θ is the scattering angle). Measurements were taken at 20 °C with a sampleto-detector distance of 880 mm. With a calibrated wavelength of 1.236 Å (10.03 keV), scattering profiles covered an S-range from 0.025 to 0.327 Å −1 . The incident X-ray beam was collimated to a spot size measuring 0.5 × 0.5 mm 2 which was significantly smaller than the opening of the sample cells. Commercial sample cells holding approximately 12 µl (ALine Inc., Redondo Beach, CA) were fitted with 25 µm thick scratch-free mica windows (Attwater, Lancashire, UK). Silver behenate powder (The Gem Dugout, State College, PA) was used to locate the beam center and to calibrate the sample-to-detector distance.
CzrB sf in 50 mM Tris-HCl pH 7.5 was concentrated to 28 mg/mL. All samples were centrifuged at 10,000 × g for 5 min prior to loading the sample cell. Matching buffer samples were used for solvent subtraction. The zinc-bound protein was prepared by gently rocking 100 µL of 28 mg protein/ml solution with 2.5 µL 1.0 M ZnCl 2 solution at 4 °C for 5 min. To assess radiationinduced aggregation and possible denaturation, samples were exposed twice for 5 s, 20 s, and 120 s, comparing Guinier plots of successive curves for nonlinearity at low angle. Protein concentrations of 28 mg/mL and 2.8 mg/mL were also compared to assess concentration dependence. Best data for the apo-form of the protein were obtained by combining the lowangle portion of the first 20 s exposure (S < 0.1 Å −1 ) with the wide-angle portion (S > 0.1 Å −1 ) of the first 120 s exposure, both at 2.8 mg protein/mL. The zinc-bound protein solution became cloudy after the first 120 s exposure and showed signs of increased sensitivity to radiation damage. Accordingly, the scattering profile was obtained by combining a 5 s exposure at low angles (S < 0.1 Å −1 ) with a 120 s exposure at wider angles (S > 0.1 Å −1 ) using a sample solution that was 3.5 mg protein/mL. Data Analysis-Pair-distance distribution functions were calculated from scattering profiles using the GNOM program (Svergun, 1992) . The maximum diameter of the particle (D max ) was adjusted in GNOM to obtain the best goodness-of-fit parameter (0.827 "good" for the apo state, and 0.93 "excellent" for the Zn-bound state). The distribution function fell naturally to near zero beyond D max but was constrained to zero for the final solution. Radius of gyration (R G ) is also computed by GNOM. Expected scattering profiles were calculated from the crystal structures using the CRYSOL program (Svergun et al., 1995) . Experimental profiles were fed into CRYSOL at the final stage of computation for automatic superposition. Low-resolution envelopes were obtained from the pair-distance distribution functions using the DAMMIN (Svergun, 1999) program in fast mode. No symmetry was imposed on the solution, so the symmetric appearance of the envelopes in both cases reflects the underlying symmetry of the complex. Envelopes were visualized with PyMOL (DeLano, 2002) using atomic radii set to the dummy atom packing radius determined by DAMMIN.
Size Exclusion Chromatography
Size exclusion chromatography was used to assess oligomer formation. For this purpose, the mobility of 10 -30 mg CzrB sf on a column (volume: 120 mL, HiLoad™ 16/60, Superdex™ 75, preparative grade, Amersham Biosciences, GE, Piscataway, NJ) in a mobile phase consisting of 50 mM Tris-HCl pH 8.0 at a flow rate of 1 mL/min and at 24 °C was monitored. The column was calibrated using the following molecular weight marker proteins: myoglobin (16.9 kDa; Sigma), cytochrome c (13.4 kDa; Sigma), hyaluronidase (55 kDa; Sigma), conalbumin (77 kDa; Sigma), and the B1 immunoglobulin binding domain of protein G (GB1, 6.2 kDa; for details on protein expression and purification see (Nadaud et al., 2007) ).
NMR Spectroscopy
Protein for use in the NMR studies was column purified as described above, and an Amicon Ultra-15 5,000 Molecular Weight Cut-Off device (Millipore, Billerica, MA) was used to exchange the buffer and concentrate the protein. The final NMR sample consisted of CzrB sf at a concentration of ~1 mM in an aqueous solution containing 50 mM sodium phosphate pH 6.5, 5 mM dithiothreitol (DTT), 7 %(v/v) deuterium oxide (99.96 % D 2 0, Aldrich, Milwaukee, WI), and 0.02 %(w/v) sodium azide in a total volume of 0.5 mL. For the NMR measurements the sample was transferred to a 5 mm sample tube (Wilmad-Labglass, Buena, NJ). NMR experiments were carried out at 25 °C using a Bruker spectrometer (Bruker, Billerica, MA) operating at 600 MHz 1 H frequency and equipped with a triple resonance three-axis pulsed field gradient probe, optimized for proton detection. The 1-1 pulse echo sequence (Sklenar and Bax, 1987) was used to qualitatively assess the structural integrity of CzrB sf in solution, and to determine the average transverse relaxation time of the amide protons.
Multiple Alignment and Homology Modelling
Multiple sequence alignment of full-length CzrB with its homologues from different organisms was performed using the M-coffee web-server (Moretti et al., 2007) . Despite low strict homology, the alignment shows good consistency and an overall alignment score of 90. The alignment along with the recently solved YiiP structure (PDB ID 2QFI; Lu and Fu, 2007) were submitted to the Swiss-Model web-server (Schwede et al., 2003) to build a full-length CzrB homology model. The model corresponds to the zinc-bound form of CzrB. The cytoplasmic domain of the CzrB model was structurally aligned and replaced with the solved highresolution zinc-CzrB sf structure. The zinc-CzrB dimer was generated by applying crystallographic symmetry in the zinc-CzrB sf structure to the full-length zinc-CzrB model. To Sequence alignment of CzrB from Thermus thermophilus with CDF proteins from other organisms that are involved in zinc transport. Identical and homologous residues are highlighted in magenta and yellow, respectively. Red dots mark residues involved in direct binding to zinc in CzrB sf . Secondary structure elements are indicated as α-helical (bars) and β-strand (arrows) using the zinc-CzrB sf structure. Residues involved in apo-CzrB sf dimerization are highlighted in green. Residues that make additional contacts subsequent to zinc binding are highlighted in blue. Numbers used to identify residues in the soluble fragment CzrB sf that are described in the text are shown at the bottom of each block. For reference, residue number 1 in CzrB sf corresponds to residue number 198 in the full-length protein and is marked with an open circle. The side chains of the conserved apolar residues (Ile15, Leu48, Leu70, Ile81) are all located in the hydrophobic core of CzrB sf . The conserved Glu65 has its side chain on the exposed surface of the protomer. Transmembrane helices are labeled TM1 -TM6 based on homology modelling using the known structure of YiiP (Lu and Fu, 2007) . C a traces of apo-(red) and zinc-CzrB sf (blue). Zinc ions are shown as bluish gray spheres. The protomers on the left were overlain to highlight the change in relative orientation of the second protomer upon zinc binding. The figure shows that metal binding triggers a dramatic reorientation of the two monomers with respect to one another as illustrated by the 40° angular shift. Cartoon representation of secondary structure elements (α-helix, red; β-strand, yellow; loops and disordered regions, green) in the zinc-CzrB sf model. Zinc ions are shown as bluish gray spheres. Parts of the protein referred to in the text are labeled. The one-letter code is used to identify amino acids. Surface potential (A, B) and hydrophobic core of apo-CzrB sf (C). The surface potential (negative, red; positive, blue; neutral, white) was calculated using the Adaptive PoissonBoltzmann Solver (APBS) program. The pronounced negative charge in the cleft between the two protomers likely contributes to keeping the apo-form of the dimer in the 'open' splayed apart conformation. The negatively charged cleft is viewed from the side (parallel to the membrane surface) in A and from below (normal to the membrane surface) in B. A crosssection through one of the apo-CzrB sf monomers in C clearly shows the micelle-like nature of this cytosolic fragment with its apolar interior and polar surface. Residues are colored according to side chain type: hydrophobic -white, polar -cyan, aromatic -magenta, positive -blue, negative -red. Characterization of the solution properties of CzrB sf . (A) Size exclusion chromatography. ApoCzrB sf eluted at an included volume of 68 mL (filled square) corresponding to a molecular weight of 21.6 kD. The identity and molecular weight of the standard proteins used to calibrate the column (open squares) follow: conalbumin (77 kDa), hyaluronidase (55 kDa), myoglobin (16.9 kDa), cytochrome c (12.4 kDa), and GB1 (6.2 kDa). The line of best fit to the data is shown as a solid line., (B) 1 H Nuclear magnetic resonance. The amide and aromatic region of the 1 H NMR spectrum of ~1 mM apo-CzrB sf at 25 °C and pH 6.5 is shown. (C) Circular dichroism spectra for secondary structure analysis of the His-tagged protein are shown before (solid line) and after lyophilization (dashed line). The inset shows for comparison the circular dichroic behavior of proteins exclusively in the α-helical (α), antiparallel β-sheet (β) and random coil (r) conformations (from 'Protein Structure and Function', ed. Petsko GA and Ringe D, 2004) . Small-angle X-ray scattering from CzrB sf in solution with and without added zinc. The scattering data are shown as individual data points (with zinc, blue x; without added zinc, red circle). Predicted scattering profiles are shown as solid or dashed lines along with the corresponding apo-(inset A) and zinc-CzrB sf (inset C) models. For comparison, the crystal structures of zinc-and apo-CzrB sf are shown in insets B and D, respectively. A model for CzrB action as a zinc transporter. The proposed mechanism is based on the changes induced in the dimer conformation of CzrB sf upon zinc binding ( Figure 2 ) combined with homology modelling from the YiiP (Lu and Fu, 2007) to the CzrB transmembrane domains. The structures shown are chimeras of the apo-CzrB sf and CzrB tm /YiiP tm (A) and zincCzrB sf and CzrB tm /YiiP tm (B) as described in the text. At low zinc levels the relative orientation of the CzrB sf and CzrB tm domains is such that the zinc-loaded metallochaperone (green) fails to dock productively (see site represented by light blue in A) with CzrB to deliver its cargo of metal. Binding of zinc to CzrB sf causes the dimer to snap shut bringing the two transmembrane domains into close proximity and creating sites (represented by the dark blue area in B) conducive to zinc-metallochaperone docking and to zinc ion delivery.
